Abstract. We consider a hybrid direct-sequence frequency-hopped (DS/FH) code division multiple access (CDMA) communication system, where the transmission power and data rate are adapted relative to the channel variation. Instead of random frequency hopping, hopping pattern is adaptively adjusted to obtain the maximum channel gain among available frequency slots. Transmission power and/or data rate are also adapted such that a target transmission quality is maintained. It is shown that the proposed scheme provides a higher average data rate than pure DS/CDMA with power and rate adaptations, subject to the identical average transmission power and bandwidth constraints.
Introduction
The radio link can be characterized by time-varying multipath fading which causes the link quality to vary with time. When the transmitter is provided with the channel characteristics, the transmission schemes can be adapted to it, allowing the channel to be used more efficiently. Optimal adaptation of the transmission power was considered in [1] and together with peak and average power constraints in [2] . Adaptive variation of data rate [3] , constellation size [4] [5] , coding scheme [6] , and any combination of these parameters [7] - [10] were studied, all for narrow-band systems.
In current code division multiple access (CDMA) cellular systems, open loop and closed loop power control techniques are employed in adjusting the transmission power of each mobile [11] [12] . The power adaptation, however, requires a large amount of transmission power to compensate for deep fades. It was shown in [13] that in direct-sequence (DS) CDMA systems, rate adaptation with fixed transmission power provides a higher average data rate than the power adaptation with fixed data rate, when the average transmission powers and qualityof-service (QoS) requirements are identical. An optimal rate adaptation scheme with perfect power control and combined rate and power adaptation schemes were studied in [14] and [15] , respectively, all for pure DS/CDMA communication systems.
In this paper, we consider combined power and rate adaptation schemes in hybrid direct-sequence frequency-hopped (DS/FH) CDMA communication systems. Instead of conventional random frequency hopping, the hopping pattern is adaptively adjusted to obtain the maximum channel gain among available frequency slots. Transmission power and/or data rate (i.e. spreading gain) are also adapted such that a target transmission quality is maintained. We analyze the proposed adaptation scheme, and compare the performance with that of the pure DS/CDMA communication systems with power and rate adaptations. Our results show that the proposed scheme provides a higher average data rate than the pure DS systems with power and rate adaptations for given average transmission power and bandwidth constraints.
The paper is organized as follows. In Section 2, we introduce the system model considered in this paper. Power and/or rate adaptations in hybrid DS/FH CDMA systems are analyzed in Section 3. In Section 4, we present numerical results and discuss the performance improvements provided by proposed adaptation schemes.
System Model
We consider a hybrid DS/FH communication system with adaptive frequency hopping in the reverse link of a CDMA cellular system. The user's binary data d k (t) is spread by random binary spreading sequence p k (t), and modulated with carrier frequency f k (t). The f k (t) is adaptively determined by the FH controller such that the maximum possible channel gain is attained. The FH controller receives channel state information (CSI) from the base station (BS) through a feedback channel. We assume the BS can estimate the CSI of each user perfectly. We look only at a single cell system. The implications of a multiple cell system can be accounted for by the out-of-cell interference coefficient [11] . We assume that there are K users in the system, and each non-reference-user signal is misaligned relative to the reference signal by an amount τ k , k = 1, 2, · · · , K, which is uniformly distributed over a bit interval. There are q available frequency slots. Each frequency slot is assumed to be frequency-nonselective and the channel variation due to multipath fading is slow relative to the bit duration. We assume that the multipath fading is characterized by Rayleigh probability density function (pdf). The power gain on m th frequency slot for user k is given by
The received signal y(t) at the BS can be represented by
where K h is the number of hit users transmitting data over the same frequency slot as target user's, and S k is the transmission power of user k. τ k and θ k represent the path delay and the phase, respectively, for user k, and they are assumed independent and uniformly distributed, the former over a bit interval and the latter over [0, 2π] . n(t) represents the zero-mean white Gaussian noise with two-sided power spectral density N 0 /2. G (1) k is the channel power gain for user k after frequency dehopping. Since the hopping is adaptively adjusted such that the maximum channel gain is attained, G
k can be given by Order Statistics [16] :
The signal-to-interference ratio E b /N e at the coherent correlation receiver output for user i is given by
where T i is the bit duration for user i , and T h c is the chip duration. We assume T h c is equal to the delay spread of the channel T m , which means the required bandwidth of the hybrid DS/FH system is given by q/T h c .
Power and Rate Adaptations in hybrid DS/FH CDMA
It follows from (4) that in order to maintain the required QoS which depends on E b /N e , the information rate R i = 1/T i and the transmission power S i of user i should be given by
The probability of K h being h , equivalently, the probability of h−1 hits occurring among K − 1 users, is given by
where p h is the probability of a hit. The probability p h can be given by
where Λ(q) is the probability of two consecutive data bits being transmitted over the same frequency slot. Since the hopping pattern is not random memoryless, Λ(q) is given by
where f α,β (·, ·) and F α,β (·, ·) are the joint pdf and cumulative distribution func-
where I 0 (·) is the zero-order modified Bessel function of the first kind, and ρ is the correlation factor between α and β. ρ can be expressed in terms of the bit duration T k , the mobile speed v, and the wavelength of the carrier frequency λ as ρ = J 2 0 (2πf d T k ), where J 0 (·) is the zero-order Bessel function of the first kind, and f d = v/λ is the maximum Doppler frequency shift [18] . Notice that in (7) the probability p h approaches to (1/q)(2 − 1/q) as ρ approaches 0 , the case of random memoryless hopping.
Power Adaptation
We consider the case where the data rate of each user is fixed at 1/T , i.e. R i = 1/T for all user i , and the transmission power S i is adapted. It follows from (5) that the transmission power S i such that maintain the target QoS is given by
Then, the average transmission power S T at the mobile unit is
where
There is no closed-form solution for the (average) data rateR i = 1/T in (11). We calculate it using numerical search technique. Note that the bit duration T in (10) should exceed 2(E b /N e ) o K h T h c /3 in order to keep the received power to be positive (i.e. to maintain the target QoS). The (average) data rate, therefore, is limited byR
Combined Power and Rate Adaptation
We now consider adapting the transmission power S i relative to G
(1) i such that G (1) i S i is equal to S R . This power adaptation ensures that all mobile signals are received with the same constant power S R . The data rate R i may be adapted to maintain target transmission quality, since the number of interference users (i.e. hit users) varies. We call this power and rate adaptation. Then, the average transmission power at the mobile is
It follows from (5), (6), and (14) that the average data rateR i is given bȳ
A lower bound on the average data rateR i can be obtained by using Jensen's inequality [16] :
We will see later that the lower bound is very close to the exact value.
Rate Adaptation
Next, we consider adapting the data rate R i , while the transmission power of each user is fixed at S T . It follows from (5) that the average data rateR i with the rate adaptation is expressed as
and
Since all G
k 's are assumed to be i.i.d. random variables,
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.
Then, the average data rate is given bȳ
Numerical Results and Discussions
The average data rates versus S T /N o are shown in Fig. 1 . We can see the lower bounds on the average data rate, (16) and (??), are virtually identical the exact values. We find that the combined hopping, rate, and power adaptations in hybrid DS/FH systems provide higher average data rates than the power or rate adaptation in pure DS systems. Notice that the average data rate with power adaptation in hybrid DS/FH system is not increased even though S T /N 0 becomes higher. This is because the achievable data rate is limited by (13) in order to maintain the target QoS all the time. We find the rate adaptation in hybrid DS/FH system provides superior performance to any other adaptation schemes. This results from the facts that the rate adaptation uses a constant power and compensates for deep fades by reducing the rate rather than using a large power, and the average received power in the hybrid DS/FH system is higher than that in the pure DS system. However, the rate adaptations provide variable data rate, which is more profitable to non delay-limited services such as file transfer and email services. If we normalize the average data rateR i by the total bandwidth 1/T p c (equivalently, q/T h c ), then we get the average spectral efficiency in bit/sec/Hz. Fig. 2 presents the average spectral efficiencies versus bandwidth expansion factor q (= L). We find that there exist an optimal bandwidth which maximizes the average spectral efficiency when the power adaptation is employed in pure DS and when the power and rate adaptation is used in hybrid DS/FH systems. In the pure DS system, decrease in L reduces the average transmitted data rate, since the combining capability of RAKE receiver and effective spreading gain decrease. In the hybrid DS/FH system, decrease in q also reduces the average data rate, since the probability of deep fading increases and the average received power decreases. However, the required bandwidth for both systems is also reduced. Thus, increasing (or decreasing) the bandwidth produces two counteracting effects on the average spectral efficiency of the system. We find the average spectral efficiencies for pure DS and hybrid DS/FH with rate adaptation are monotonic functions of the bandwidth. This indicates that when the rate adaptation is employed, the effect of reducing required bandwidth on the average spectral efficiency is crucial over all the range of system bandwidth.
